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Abstract 
Portland cement can play a major role in providing cost-effective, long-term zonal isolation for CO2 capture and 
storage (CCS) used to mitigate climate change. However, achieving zonal isolation with Portland cement under 
supercritical CO2 environment for the required 1,000 year trapping period may be challenging. Some laboratory 
researchers report that Portland cement disintegrates when exposed to CO2, leading to potential leakage into the 
atmosphere or other to underground zones. Other researchers cite Portland cement samples from 30-50 year old CO2 
EOR wells where sealing integrity was maintained, even though carbonation was found. In this paper we will 
discuss reasons likely for this disparity between research lab test results and actual well performance data.  
Carbonation of Portland cement is a thermodynamically favorable process and therefore difficult to avoid.  But 
the effects can be minimized by various reactive chemical components optimized for the specific thermodynamic 
conditions.  
Our research shows partial carbonation of Portland cement is not detrimental unless the mechanical integrity is 
insufficient to provide effective zonal isolation. For these studies we have developed CO2 treatment test cells 
capable of producing conditions up to 200°F and 2,000 psi. In addition, various analytical instruments including x-
ray diffraction (XRD), thermo-gravimetric analysis (TGA) and mechanical properties measurement devices have 
been used for this study.   
In this paper we will discuss the importance of understanding the percentage of carbonation and depth of CO2 
penetration, and how to control these factors by optimizing the cement blend. Interestingly, we found the amount of 
Portlandite {Ca(OH)2} that forms due to cement hydration and the cement-to-water ratio dictates the depth of 
penetration as well as percentage carbonation. The implications of this in relation to the long term chemical integrity 
of the cement sheath under downhole CCS conditions is discussed.  
This paper also includes the results of recent studies on the changes in mechanical properties of a properly 
optimized Portland cement blend for a period of up to one year. During this period, measurements were made at 
different time intervals to examine cement specimen treated with CO2 at 200°F and 2,000 psi in the presence of 
water. The results show carbonation without any sign of loss of mechanical or sealing integrity that could lead to 
zonal isolation failure.  
Results from a separate set of experiments show the following: (1) Carbonation could be minimized by reducing 
the Portland cement content by adding Pozzolanic materials and by reducing the permeability and (2) Carbonation 
could help heal micro-cracks that may be caused by various well operations or ageing. However, such carbonation-
induced healing is limited only to a certain width of cracks.   
In summary of this research, it is recommend that: (1) a high quality primary cement job be performed in 
adherence to all industry best practices; (2) the cement blend be properly optimized to minimize long-term CO2 
Energy Procedia 4 (2011) 5243–5250
www.elsevier.com/locate/procedia
doi:10.1016/j.egypro.2011.02.503
2 Santra and Sweatman/ Energy Procedia 00 (2010) 000–000 
corrosion; and (3) the sheath be designed for long-term mechanical integrity. This paper will discuss a 
comprehensive approach that may be taken to help ensure longer-term effective zonal isolation in new CO2 wells 
and remedial solutions for old wells and for plugging and abandoning wells. 
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Introduction 
For the last 45 years, the oil and gas industry has safely and effectively injected CO2 for enhanced oil recovery 
(EOR). This is typically done by “flooding” or saturating the oil reservoir with CO2 which mixes with the oil, lowers 
its viscosity and increases the oil’s mobility for higher flow rates to improve production.  
This history started with field tests such as the one in 1964 (Holm) at the Mead Strawn field. In a CO2 
stimulation treatment commonly called a “Huff-N-Puff” (H&P), a large volume of CO2 was injected into a well, 
which was subsequently returned to oil production. The result of the Holm’s H&P treatment was an increase in oil 
production from the field by as much as 82% compared to the best results achieved with a the water flood.  
The CO2 stimulation concept was included in the first patent for CO2 EOR technology in 1952 (Whorton). Large 
scale CO2 EOR projects began in 1972 (Langston) with the SACROC (Scurry Area Canyon Reef Operators 
Committee) Unit of the Kelly-Snyder field in West Texas. The SACROC CO2 EOR project is still operating today 
joined by a growing number of other large-scale commercial projects, including 105 in the USA, 7 in Canada, and 
12 in other countries (EOR Survey). CO2 EOR projects in the USA currently produce about 245,000 barrels of oil 
per day.  
The technology, operational experience and regulatory procedures developed for CO2 EOR has a great record of 
success commercially, environmentally and in terms of safe operations (Sweatman1). This excellent record includes 
sustained well integrity that seals and structurally supports many thousands of new wells, previously-drilled wells, 
and well abandonments that, with a few exceptions, have all used Portland-based cement for zonal isolation of CO2 
zones. The exceptions (non-Portland cements for CO2 zones) are an estimated 0.15 % of the total (16,348) of all 
CO2 EOR wells (Sweatman2).  
In the United States alone, the Oil & Gas Journal (EOR Survey) reported operations in 15,373 CO2 injection and 
production wells (94% of global total) and more than 3,500 miles of high-pressure interstate CO2 pipelines—a 
figure which doesn’t include countless miles of flow-lines to and from each well. Sweatman (1) reported that many 
of these flow-lines and well tubing strings have been lined internally with Portland-based cements to protect the 
carbon steel pipe from corrosion by CO2 laden aqueous fluids.  
The CO2 EOR process is defined by the Intergovernmental Panel on Climate Change (IPCC) as subsurface CO2 
storage (also called CO2 geologic-sequestration). Projects that properly measure and account for the amount of 
stored CO2 are eligible for carbon storage accreditation. In this CCS (carbon capture and storage) process, 
permanent CO2 storage is achieved by CO2 displacement of hydrocarbons from reservoir pore spaces and the 
subsequent trapping or geological sequestration (GS) of the CO2 within the reservoir’s porosity. A recent report by 
one of the world’s largest CO2 EOR and pipeline operators estimated that 655 million tons of CO2 have been 
injected and stored in oil reservoirs of all the USA’s EOR projects over the past 37 years (Kinder Morgan). This 
average of 17.7 million tons per year is equivalent to the total emissions from approximately four large coal-fired, 
electric power generating plants with each one having a capacity of 500 MW (2000 MW total). 
Many of the technologies developed by the oil and gas industry for CO2 EOR and other types of oil and gas 
production and injection projects have been successfully applied in storing CO2 in saline aquifers. An example is the 
CO2 storage project in the Sleipner field offshore Norway where permanent storage of CO2 has been ongoing in the 
Utsira sandstone formation for several years. The objective is to store the CO2 captured from the field’s hydrocarbon 
production operations instead of venting it to the atmosphere.  
Similar projects include the Gorgon project offshore Australia, which has been studying and pilot testing CO2 
storage in depleted oil and gas (O&G) zones at Barrow Island. In some cases, CO2 EOR could be a viable means to 
increase hydrocarbon output from many depleted O&G reservoirs with marginal or no production. Most operators 
are not using this technique in their O&G reservoirs because they do not have an economical source of CO2.  
However, as carbon capture in CCS projects becomes increasingly common for environmental reasons, cost-
effective supplies of CO2 for many of these depleted O&G fields may become available. These CCS projects may 
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supply large quantities of CO2 for several decades from nearby electric power plants and other large, stationary CO2 
emission sources.  
Well integrity should not be a concern in these CCS projects. However, a lack of familiarity with established 
CO2 well construction and operations technology has resulted in integrity questions, especially for those wells that 
have been cemented with Portland-based cements for CO2 zone isolation.  
Concerns on Wellbore Integrity 
Some of these evaluations (e.g., Duguid) from outside the oil and gas industry raised wellbore sealing integrity 
concerns based on unrealistic lab tests of CO2 resistance by commonly used Portland-based cements. No 
investigations were reported on the sealing performance of these cements in operating CO2 EOR wells.  
The lab testing devices and procedures used in these investigations are not the same as those used by the O&G 
industry to design corrosive resistant cements for wells. In contrast, the O&G industry procedures use specialized 
engineering design and lab testing methods and materials to formulate CO2 resistant Portland-based cements.  
Recently, a review was untaken to understand the claims of poor CO2 resistance achieved with Portland-based 
cements made by the non-O&G industry researchers. The following reasons were found that can produce disparity 
between these lab tests and the field performance measurements and lab testing/design protocols used by the O&G 
industry: 
 Very large boundary effects were created and ignored or not recognized in some lab test methods 
 Autoclave tests (with no confining stress) are inferior to O&G dynamic tests in Hassler cells  
 No pressure/flow confining stresses were applied to simulate forces in rock and casing, etc. 
 Failure to test CO2 paths for the least flow resistance in rock versus cement 
 No justification or basis found for “accelerating” carbonation layers by artificial means  
 Use of artificial methods to report that carbonated layers are “dissolving”  
o Carbonated layers repeatedly removed by hand or mechanical action during tests 
o No benchmarks or criteria established to justify artificial removal of carbonated layers 
o Carbonated layers have been shown to protect cement against degradation 
 Failure to test ultra-slow diffusion rates in cement simulated in an annular flow configuration 
 Skin damage in surrounding rock of annulus was not simulated to limit CO2 contact with cements  
 Unrealistically large cement surface areas were exposed compared to the cemented annulus between pipe and 
rock 
 Failure to simulate rock and cement pore plugging by precipitates (CO2-induced scale, etc) 
 Failure to simulate carbonated cement pore collapse by overburden rock’s confining pressure 
 Lack of simulated rock and connate water compositions and induced precipitates or scales therein 
 Molecular CO2 dispersion versus hydrated/ionized CO2 (H2CO3) was not measured or controlled  
 Failure to measure or control pH vs. time and location to match reservoir conditions  
 No pH increase by conversion back to solvated molecular CO2  
 Failure to simulate buffering by rock and dissolved minerals which significantly limits pH decreases by CO2 
(Sweatman1). Instead, the tests made pH unrealistically low with de-ionized water at high temperatures  
 Application of electricity to cement curing water in the lab equipment caused the water to acidify itself more 
than the CO2 would alone in underground reservoirs 
 Strong acids were used to simulate weak carbonic acid in the cement curing water  
 Temperatures and pressures do not match plume’s pressure-front  
 Effects on P and T induced by injection/production were not simulated  
 No attempts to match pH in curing water to predictions from geochemical reservoir models 
Geochemical Buffering and Laboratory Cement Sample Testing 
It is critical during laboratory tests that the formation fluid composition be simulated as close as possible with 
respect to pH, mineral concentration, etc. Failure to do so could lead the cement samples to be exposed to either 
harsher or milder corrosive fluids, which would make it almost impossible to correlate the laboratory and downhole 
time scales. Figure 1 shows the pH of water at 200ºF and 2,000 psi CO2 decreases with increasing concentration of 
NaCl (blue plot with no CaCO3) and goes from ~3.2 to ~2.9. When the water contains 0.01 m CaCO3 (unsaturated 
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with CaCO3) we see a pH range from ~4.5 to 4.2 (purple plot), whereas, water saturated with CaCO3 leads to a pH 
range from ~4.6 to 4.7 (green plot). Increase of overall pH of water in the presence of CaCO3 is due to its basic 
nature while the pH insensitivity with increasing the concentration of NaCl is attributed to the buffering effects of 
CaCO3. It is anticipated that in many cases the downhole formation could be composed of alkaline minerals like 
CaCO3 which would provide geochemical buffering and reduce the harshness of the surrounding fluid in terms of 
pH. A review by the API CCS Task Force (Sweatman1) reported that downhole samples of CO2 laden brines had 
higher than predicted pH values that were associated with geochemical buffering. Typical pH values (Jarrell et al) in 
reservoirs with CO2 floods range from 4.7 to 5.6 pH which are far above the theoretical value of ~3.2 pH.   
 
 
Comprehensive Approach for Best Practices to Ensure Wellbore Integrity 
Determining all the exposure conditions for Portland-based cement is the initial step in a comprehensive approach to 
designing and lab testing cements that help ensure zonal isolation by producing an annular cement sheath across all 
relevant subterranean formations or zones in the well as shown in Figure 2. 
The main objective of a primary cement job is to provide zonal isolation for the life of the well. This is important 
if operators are to meet and exceed the environmental and economic performance goals for a project. Achieving 
zonal isolation helps protect casing from corrosion, prevent sustained casing pressure, reduce premature water 
production, limit inter-zonal communication and reduce the need for remedial work on a well. Performance targets 
are met and exceeded if a cement slurry is designed and delivered such that it is placed in the designated section of 
the annulus, and the set cement sheath maintains chemical, mechanical, and thermal integrity during the life of the 
well. 
The annular drilling fluid should be removed prior to primary cementing. If the drilling fluid is not removed 
from the annulus, a pathway can be provided for produced and injected fluids to enter the annulus. Figures 3a and 3b 
show examples where the drilling fluid has not been removed and the gelled mud surrounding the set cement sheath 
is clearly unable to provide zonal isolation. The situation can further deteriorate as this material dehydrates over 
time. 
 
5246 A. Santra, R. Sweatman / Energy Procedia 4 (2011) 5243–5250
 Santra and Sweatman/ Energy Procedia 00 (2010) 000–000 5
Primary cement job parameters such as casing stand-off, spacer and cement-slurry volume, flow rate, rheology 
and pipe rotation should all be optimized to achieve effective cement-slurry placement in the targeted annular space 
(Moroni et al. 2009). Computer software is available for workers to use during this optimization process. Recent 
software advances make a specialized three dimensional (3D) computational fluid-dynamics simulator available for 
the industry. A snapshot from the graphical user interface of this simulator is provided in Figure 3c. This tool can 
allow the user to model and clearly assess the ability of one fluid to displace another in different wellbore 
geometries and under specific well conditions. 
Typically, zonal isolation by cement is assured for zones containing CO2 and the fluid-flow confining zones that 
surround these CO2 zones. CO2 confinement should continue for the working life of the well and, in some cases, for 
long time periods after the well is plugged and abandoned. When abandonment procedures require removal of a 
short section of casing across the confining zone and the installation of a “rock to rock” seal inside the wellbore, the 
total time period for the life of the cement sheath’s zonal isolation across the CO2 zone may be equal to the 
operating life of the well. Other critical exposure conditions include downhole pressures and temperatures, 
geochemical and geo-mechanical stresses, and well load cases that will be present during well construction and the 
operating life of the well. 
Experimental - Cement Testing for CO2 Resistance 
Slurry Preparation
Cement slurries for this study were prepared using standard API RP 10B. The neat cement slurry was prepared using 
Class G cement at 15.8 ppg density, whereas, the cement sample A was prepared with a CO2-resistant formulation. 
 
Sample Curing  
All the slurries were poured in 2.5-in. x 1-in. (length x diameter) metal cylinders and in sandstone cores. The slurries 
were cured in an autoclave filled with water at 2,000 psi at 140°F for 28 days prior to CO2 treatment.  
 
HPHT Static CO2 Treatment (liquid water and supercritical CO2)
The test sets were performed to simulate downhole conditions wherein the cement sheath may be exposed to liquid 
water and supercritical CO2. All the cured samples were de-molded and subjected to treatment with supercritical 
CO2 using test cells made of hastelloy (Figure 4) at 2,000 psi CO2 pressure at 140°F. The samples were fully 
immersed in fresh water during testing. The test duration was 15 days for one set of samples and 90 days for a 
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HPHT Static CO2 Treatment with Supercritical CO2 and 40% Humidity 
This set of tests was performed to simulate the downhole conditions for EOR wells wherein the cement sheath may 
be exposed to supercritical CO2 with about 40% humidity. It is noteworthy that in this scenario, no liquid water 
surrounds the cement sheath downhole due to the “bubble effect” mentioned previously. All the cured samples were 
de-molded, and subjected to treatment with supercritical CO2 using test cells made of hastelloy (Figure 4) at 2,000 
psi CO2 pressure at 140°F. The test duration was 15 days for one set of samples and 90 days for the second set.  
Mechanical Properties Testing 
Uni-axial and tri-axial stress/strain tests were performed on cylindrical samples to determine Young’s modulus, 
Poisson’s ratio, friction angle and plasticity parameters. Tests were performed according to ASTM D 3148–02 and 
D 2664–95a. Dual-axial extensometers and a circumferential chain extensometer were used to measure strains on 
samples. 
Analytical Measurements 
A Phillips x-ray diffractometer and TA instrument were used to carry out XRD and thermal gravimetric analysis 
(TGA).  
Results and Discussion 
Cement System A and a neat Portland cement were tested in this study. Cement System A is designed to decrease 
the permeability and reduce the cement hydration products that could react with CO2 (details of the cement-CO2 
reaction are discussed in SPE 121103). The four reactions are briefly discussed below. 
Reactions 
Portland cement mainly consists of tricalcium silicate (C3S) and dicalcium silicate (C2S).  These react with water to 
form calcium silicate hydrate (C-S-H) and Portlandite or calcium hydroxide [Ca(OH)2].  The C-S-H gives strength 
and set properties to the cement sheath.   
 
C3S + H2O  C-S-H + Ca(OH)2       ------------- (1a) 
C2S + H2O  C-S-H + Ca(OH)2       ------------- (1b) 
 
However, C-S-H and Ca(OH)2 when exposed to CO2 form precipitate of  calcium carbonate (CaCO3).   
 
C-S-H + CO2  CaCO3 + SiO2 (gel)  ------------- (2a) 
Ca(OH)2 + CO2  CaCO3                  ------------- (2b) 
 
Calcium carbonate by itself may not be a problem unless and until so much of it is formed that it could crack the 
cement sheath.  It is the dissolution of the calcium carbonate in the presence of carbonic acid (CO2 and water) that 
leads to the formation of calcium bicarbonate which is soluble in water.  
 
CO2 + H2O  H2CO3 ------------- (3) 
CaCO3 + H2CO3  Ca(HCO3)2 -------------- (4) 
 
Hence, it helps to reduce the amount of C-S-H and Ca(OH)2 formed in a set cement sheath so that less CO2 
reactive products are formed in the set cement sheath.  This should be balanced with the strength requirement and 
other properties of the cement slurry and the cement sheath. 
Obviously, one definite way to eliminate the CO2 reactive products formed in the cement sheath is to use a non-
Portland cement.  However, as discussed below and as the results will show, this may not be needed except in the 
most severe conditions. 
In addition to reducing the CO2 reactive products in the cement sheath, the permeability of the cement sheath 
should be reduced, as well as design and deliver the cement slurry to withstand well operations. The details of 
designing and delivering the cement slurry to withstand well operations are briefly discussed above and detailed in 
other publications (SPE 119296 and 119869).  This study focuses mainly on the effect of CO2 on neat Portland and 
Cement System A.   
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HPHT Static CO2 Treatment  
After 15 days treatment at 140° F and 2,000 psi under (1) supercritical CO2 with 40% relative humidity and (2) 
supercritical CO2 in liquid water, samples were taken, bisected and visually observed after treating with 
phenolphthalein dye (except for cement system A in SC-CO2 with 40% humidity, which was not treated with 
phenolphthalein). The penetration depth of CO2 is clearly indicated by the pink color resulting from phenolphthalein 
treatment as shown in Figure 5. The portion of the sample inside the CO2 penetration ring is not carbonated at all, as 
confirmed by TGA.   
It is noticed that the penetration depth of CO2 was slightly greater in the case of samples treated with 40% humid 
SC-CO2 after 15 days. It is also observed that the sandstone core is acting as a barrier to CO2 diffusion and is more 
prominent in the case of a neat Portland system. We anticipate that the presence of sandstone core in an actual 
formation will not only act as a barrier to CO2 diffusion but will also reduce the chances of the cement sheath 
undergoing dissolution due to bicarbonate formation as discussed above in reaction scheme 4. This should in turn 
further enhance the life of the cement sheath under downhole conditions. 
TGA Analysis 
The cement sample was further investigated using TGA and is shown in Figure 6a and Figure 6b.  For comparison, 
the TGA analysis of a neat Portland cement was also conducted and is shown in these figures.  Figure 6a shows the 
results of TGA on the hydrated cement samples before exposing them to CO2.  This figure shows that the amount of 
Portlandite, Ca(OH)2, formed during hydration of Cement System A is much less than what is formed during the 
hydration of the neat Portland cement.  This is important because, per the chemical reactions 2a and 2b, these 
hydration products react with CO2 to form CaCO3.   
Figure 6b shows the TGA on the samples after they are exposed to supercritical CO2 using the test apparatus 
shown in Figure 4 at 140°F, 2,000 psi and 15 days.  As can be seen in Figure 6b, the amount of CaCO3 formed when 
Cement System A is exposed to CO2 is about half of what is formed with neat Portland cement.  This is because 
Cement System A contained a lower amount of products that could react with CO2 and form CaCO3. As per the 
chemical reactions 3 and 4, CaCO3 has the potential to react with water to form calcium bicarbonate, Ca(HCO3)2 
which is soluble in water. The dynamic tests and the TGA tests validate the hypothesis that it is important to reduce 
the amount of products that can react with CO2 to form CaCO3.  
 
 
Figure 6 (a) Spectra of samples before CO2 treatment; (b) Spectra of samples after CO2 treatment. 
 
Mechanical Properties 
While designing a cementing solution for a CCS well it is very important to consider the effectiveness of cement 
sheath mechanical properties against the downhole corrosion as well as geo-mechanical stresses. Table 1 shows the 
mechanical properties of Cement System A (properly optimized formulation for CO2 resistance) before and after 
exposure to CO2 for a period of twelve months at 200°F and 2,000 psi. Promisingly, results show that all the 
desirable mechanical properties of the properly optimized cement samples were maintained for the period of testing. 
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Untreated sample 5594 597 2.15 x 106 0.17 
15 days 7951 549 2.38 x 106 0.14 
3 months 7958 817 2.43 x 106 0.17 
6 months 7002 808 2.34 x 106 0.17 
12 months 8866 957 2.37 x 106 0.15 
Conclusions   
1. The O&G industry has more than 40 years of experience gained from CO2 EOR work that will be 
invaluable in the well construction process as CCS grows to a global scale.  
2. Portland-based cements modified for increased CO2 resistance can be very effective in EOR or CCS wells. 
3. Designing CCS cement sheaths capable of surviving downhole geo-mechanical stresses is critical. 
4. Formation fluid ionic content can buffer the pH of carbonic acid making it less corrosive to a properly 
designed cement sheath. 
5. Non-Portland based cement sheaths, for example, high alumina phosphate, resin based cement etc., are also 
available for CCS purposes, can eliminate the carbonation/acidization cycle possible with Portland 
cements.  
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